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Abstract We measured Young’s modulus, proportional 
limit stress, and bending strength by the compression bend¬ 
ing test and examined the applicability of the testing 
method by comparing it with conventional bending test 
methods. Long columns of todomatsu (Japanese fir, Abies 
sachalinensis Fr. Schmidt) with various length/thickness ra¬ 
tios were the specimens. A compressive load was axially 
applied to the specimen supported with pin ends. Young’s 
modulus, the proportional limit stress, and the bending 
strength were obtained from the load-loading point dis¬ 
placement and load-strains at the outer surfaces until the 
occurrence of bending failure. Four-point bending tests 
were also conducted, and the bending properties obtained 
were compared with the corresponding properties obtained 
by the compression bending tests. Based on the experimen¬ 
tal results, we believe that when the stress-strain relation is 
measured by the load-loading point displacement relation 
using specimens whose length/thickness ratio is large 
enough, the bending properties can be obtained properly 
using the compression bending test. 
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Introduction 

Several previous studies on conventional bending test 
methods for wood suggest that the stress condition around 
the loading nose is distorted seriously, and that the bending 
properties are influenced by the loading condition.' - ’ We 
fear that the bending properties of wood cannot be evalu¬ 
ated properly by the conventional bending method because 
of the distorted stress condition. 
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A new bending method was recently developed by 
Fukuda and colleagues for advanced composites with 
strong orthotropy. 4 7 In their method, a compression load is 
applied along the long axis of the specimen with a rectangu¬ 
lar cross section, and Young’s modulus and the bending 
strength are measured by means of the elastica phenom¬ 
enon. The materials examined in their studies were brittle, 
and they did not show the material’s nonlinearity, which 
wood often shows in the large strain region. 

Although we believe that Fukuda’s method is promising 
for measuring the bending properties of wood, the bending 
behavior of wood during compression bending should be 
examined in detail. Hence we examined the applicability of 
the compression bending test method for evaluating the 
bending properties of wood by comparing it with conven¬ 
tional bending tests. 


Theories 


A rectangular bar of known length, breadth, and thickness 
(/, b, t ) is supported with pin ends. When the axial load P is 
applied in the long axis, the bending moment M is derived 
as: 8 

M - Pd (1) 

where <5 is the deflection at the mid-span. The stress at the 
outer side of the mid-span a bc is: 


= 6M = 6 Pd 
bt 2 bt 2 


( 2 ) 


From Eq. (2), cr bc can be derived when the deflection <5 is 
measured. This deflection is derived by the loading point 
displacement or the strains at outer surfaces. When the 
loading point displaces x after bifurcation, x!l is derived by 
the following equation. 


£ _ ? 2 E{p) 

l K{p ) 


( 3 ) 
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Fig. 2. dll-xll relation. <5, /, and x are the deflection at the mid-span, 
length of specimen, and loading point displacement after bifurcation, 
respectively 


Fig. 1. Schematic diagram of compression bending 


where p is represented by the deflection angle at loading 
point a, which is shown in Fig. 1, as: 

P = sin | (4) 

and E{p) and K(p) are given as: 

e {p) = j/V 1 -P 2 sin 2 0# (5) 


and 

rf d< t> 

0 ^/l — p 2 sin 2 p 



( 6 ) 


The mid-span deflection per length is derived as follows. 


3 = £ 

l K(p) 


( 7 ) 



pH 


Fig. 3. The dll-pll relation, where p is the radius of curvature at the 
mid-span 


From Eqs. (3) and (7), the d/I-x/l relation can be derived 
by intervening the angle a, which is shown in Fig. 2. Thus, 
the deflection at the mid-span can be obtained from the 
loading point displacement. Another method for determin¬ 
ing 8 is to measure the strains at the outer planes. When the 
tensile and compressive strains at the outer planes are e t and 
e c , respectively, the radius of curvature at the mid-span is 
obtained as: 



The radius of curvature can be also obtained by p and K(p ) 
as: 


P = 1 (9) 

/ 4 pK(p) ( } 

From Eqs. (7) and (9), the 8/l-pll relation, shown as Fig. 3, 
can be derived by intervening the angle a. Hence, 8 is also 
derived by the strains at the outer planes. 

Similarly, the longitudinal strain at the outer plane e bc is 
determined by the following two procedures. From Eqs. (3) 
and (9), the p//-x// relation is derived by intervening the 
angle a, as in Fig. 4. Then e bc is derived by the radius of 
curvature as: 
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Fig. 4. The pll-xll relation 


t 



( 10 ) 


Another method is to average the absolute values of tensile 
and compressive strains. By this method, s bc is derived as: 


ft + £ c _ £ t ~ £c 
2 2 


( 11 ) 


The a bc -£ bc relation can be determined by these procedures. 


Experiment 

Materials 

Todomatsu (a kind of Japanese hr, Abies sachalinensis Fr. 
Schmidt) whose density was 0.38 g/cnT was used for the 
specimens. All specimens were cut from lumber and were 
conditioned at 20°C and 65% relative humidity (RH) be¬ 
fore and during the tests. 


Compression bending tests 

Column specimens were cut with the rectangular cross sec¬ 
tions of 5, 10, and 15 mm (radial direction) X 25 mm (tan¬ 
gential direction). The lengths of the specimens varied from 
200 to 500 mm at intervals of 100 mm. Strain gauges (gauge 
length 2mm; Tokyo Sokki, Tokyo, Japan) were bonded at 
the center of the longitudinal-radial (LR) planes for mea¬ 
suring normal strains in the loading direction, e t and e c . 
Figure 5 shows the testing equipment used. This equipment 
consisted of V-notched and cylindrical attachments. Re¬ 
cently, Fukuda and Itabashi proposed a simple compression 
bending method.' They used a pair of shallow V-notched 
attachments by which both ends of a specimen were sup¬ 
ported, and the load was directly applied by means of the 


P 



attachments. Preliminarily, we tried to use their simple de¬ 
vice, but the edges of the specimen seriously collapsed near 
the attachments and the pin-support condition could not 
be realized. To reduce this problem, the specimen whose 
sides were inserted into the grooves cut on the sides of 
cylindrical attachments was supported between the V 
notched attachments, as in Fig. 5. The load was applied by 
means of these attachments. To have the cylindrical attach¬ 
ments rotate freely in the V notches, Teflon sheets were 
placed between the cylindrical and V notched attachments. 
The load with a velocity of 2mm/min was axially applied, 
and the loading point displacement was measured from the 
cross-head movement. Eight specimens were used in one 
test condition. 

Figure 6 shows the load-loading point displacement rela¬ 
tion. As in Fig. 6, the bifurcation point was determined as 
the start of nonlinear behavior, which is due to geometric 
nonlinearity and not material nonlinearity. This point coin¬ 
cided well with the blanching point of strains at both 
surfaces. The value of x was derived by subtracting the 
displacement before the bifurcation from the total displace¬ 
ment. Similarly, the value of l should have been essentially 
derived by subtracting the displacement before the bifurca¬ 
tion from the initial length. Nevertheless, we certified the 
displacement before the bifurcation had even a small influ¬ 
ence on /, and the value of l was derived by the initial length. 
When determining the relations among d/l, pH, and xtl, it is 
inconvenient to refer to the diagrams or the tables showing 
these relations. Therefore, we approximated these relations 
by different power functions before and after xll = 0.1, 
respectively, as follows: 
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Fig. 6. Load-loading point displacement relation 




( 12 ) 


Hence, a pl is calculated as: 




= E h 


91ft 


i 

n—\ 


(17) 


The bending strength <7 max was derived by the maximum 
stress. Figure 7 shows the method for determining £ bc , a ph 
(13) and a max . 


Four-point bending tests 


As for the dll-pll relation, 



' 
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where pH = 0.5 corresponds approximately to xll = 0.1. 
From the relations among xll, dll , and pll, the stress ((re¬ 
strain (e bc ) relation was obtained by the procedure men¬ 
tioned above. This o^-e^ relation was regressed into 
Ramberg-Osgood’s power function, expressed as follows. 9 

£ b c=-^- + /^l + c (15) 

-^bc V-^bc ) 

where E bc is Young’s modulus, c is the offset strain, and ft 
and n are the material parameters. The proportional limit 
stress o p i (3% proportional limit stress) was determined as 
the intersection point of Eq. (15) and the straight line, rep¬ 
resented as: 


Young’s modulus, the proportional limit stress, and the 
bending strength were independently measured by the 
conventional four-point bending tests. These values were 
compared with those obtained by the compression bending 
tests. 

The dimensions of the specimen were 15 mm in width, 
15 mm in thickness, and 600 mm in length. The specimen 
was supported by a span of 450 mm, and the load was verti¬ 
cally applied at the trisected points of the span by loading 
noses, whose radii were 30mm. The loading velocity was 
5mm/min, and the deflection at the center of the specimen 
was measured by a dial gauge placed below the specimen. 
The load-deflection relation was regressed into Ramberg- 
Osgood’s power function written similarly to Eq. (15). The 
initial inclination of the load-deflection diagram API Ay, 3% 
proportional limit load (P bp ), and load at the occurrence of 
breakage (P bt ) were obtained. In this case, API Ay and i P bp 
correspond to £ bc and cr pl , respectively, in Eq. (15). Young’s 
modulus E ht , proportional limit stress a bp , and bending 
strength (7 bt were calculated using the equations based on 
the elementary bending theory as: 


0.97 E h , 


+ c 


(16) E b t 


23 L 3 AP 
108 wh~ Ay 


(18) 
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a 

ffbp wh 2 

and 


bending tests, eight specimens were used for the four-point 
(19) bending tests. 


tfbt 


M 

wh 2 


( 20 ) 


where L, w, and h are the span length, breadth, and depth 
of the specimen, respectively. Similarly to the compression 



Fig. 8. Example of stress-strain. Open and solid circles, results ob¬ 
tained from the load-loading point displacement relation and load- 
strains relation in the compression bending test, respectively. Squares, 
results obtained from the four-point bending test 


Results and discussion 

Figure 8 shows the stress-strain relations obtained by the 
compression bending test and the four-point bending test. 
The shape of the stress-strain relation obtained by the com¬ 
pression bending test was similar to that commonly ob¬ 
tained from the conventional bending test. 

Figure 9 shows Young’s modulus (£ bc )corresponding to 
the length/thickness ratio (///). The value of £ bc tended to be 
a constant value, which was a bit larger than that obtained 
by the four-point bending tests E bt when the length/thick¬ 
ness ratio was large enough. We thought that the additional 
deflection produced by the shearing force and the stress 
concentration at the loading point was smaller with the 
compression bending tests than with the conventional bend¬ 
ing tests. Nevertheless, £ bc decreased when lit was less than 
20. We thought that this decrease was due to the following 
two factors. One was material nonlinearity. The smaller 
the lit, the larger was the bending stress a bc . Material 
nonlinearity, which causes the decrease in stiffness, would 
be drawn instantly after the bifurcation because of the large 
bending stress. In addition, when lit is quite small and the 
specimen is regarded as an intermediate column, material 
nonlinearity occurs before bifurcation. The other factor was 
the additional deflection caused by the shearing force. Al¬ 
though the influence of the shearing force during compres¬ 
sion bending is less than with the conventional bending 
methods, the shearing force that produces the additional 
deflection cannot be eliminated entirely, and it is marked 
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Fig. 9. Young’s modulus corresponding to the length/thickness ratio. 
Open circles, solid squares, and solid circles represent the averages 
obtained by the compression bending tests of the specimens whose 
thicknesses were 5,10, and 20mm, respectively; horizontal bars are the 
standard deviations obtained by the compression bending tests. Solid 


and dashed lines are the average and standard deviations obtained by 
the four-point bending tests, respectively. P, x, and £ bc are the load, 
loading point displacement after bifurcation, and strain measured by 
the gauges, respectively 
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Length/thickness ratio l/t Length/thickness ratio l/t 


Fig. 10. Proportional limit stress corresponding to the length/thickness ratio. See Fig. 9 for further information 



Length/thickness ratio Ut Length/thickness ratio l/t 


Fig. 11. Bending strength corresponding to the length/thickness ratio. See Fig. 9 for further information 


when the Ut is small. To obtain a stable Young’s modulus contrast, the stress concentrations, which cause the material 
value with the compression bending test, we believe that the nonlinearity and the decrease of proportional limit stress, 
length/thickness ratio should be larger than 25. exist in the four-point bending test. As in Fig. 8, the linear 

Figure 10 shows the proportional limit stress a p) corre- range of the stress-strain relation was larger in the compres- 
sponding to the length/thickness ratio lit. The value of ct p , sion bending data than in the four-point bending test data, 
was constant when the Ut was larger than 40, and it de- Based on this result, we think that the compression bending 
creased with decreasing Ut. As can be seen from Eq. (17), test can be used effectively to determine proportional limit 
the proportional limit stress was influenced by Young’s stress without worrying about the influence of the loading 
modulus, and it showed a tendency similar to that of point. 

Young’s modulus. However, the value of a pl exceeded that Figure 11 shows the bending strength <7 max corresponding 
obtained by the four-point bending tests a bp , which was to the length/thickness ratio lit. The dependence of the 
more marked in an lit range larger than 40. We thought that bending strength on the length/thickness ratio shows a simi- 
this tendency was due to the absence of stress concentration lar tendency as Young’s modulus and proportional limit 
at the loading points in the compression bending test. In stress. However, the bending strength was markedly influ- 
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enced by the method used to measure strain e bc . As the 
deflection increased, the diffusion of wrinkles caused by 
compressive failure was observed on the compression side 
of the specimen. These wrinkles caused the unload on the 
compression side, and the amount of compressive strain e c 
tended to decrease. The radius of curvature at the mid-span 
p was evaluated to be larger from Eq. (8), and the deflection 
<5 calculated by Eq. (14) smaller, than the real value. As 
shown in Eq. (2), therefore, the bending stress was 
evaluated to be smaller because of the low d value. There¬ 
fore, when the deflection is calculated from the strain-strain 
gauge output, it is feared that the bending strength cannot 
be measured properly. In contrast to the tendency found 
with Young’s modulus and proportional limit stress, how¬ 
ever, the value of o max in an lit range larger than 40 was not 
significantly different from the bending strength obtained 
from the four-point bending tests cr bt . 

For every parameter measured in these experiments, the 
scatterings in the data obtained by the compression bending 
tests under the same testing conditions tended to be larger 
than those obtained by the four-point bending tests. We 
thought the scatterings were due to the instability of the 
compression bending method. Despite careful treatment 
during the compression bending test, the stress-strain rela¬ 
tion sometimes cannot be determined because of the eccen¬ 
trically applied load, the initial curvature of the specimen, 
and other factors. To obtain a stable relation, these factors 
should be e lim inated as much as possible. 

Summarizing these results, we believe that the compres¬ 
sion bending test should be conducted on specimens with a 
large length/thickness ratio (>40 in this experiment) and 
that the stress-strain relation should be measured by the 
load-loading point displacement relation for obtaining 
Young’s modulus, proportional limit stress, and bending 
strength. Under these testing conditions, we would under¬ 
take the bending test without worrying about the stress 
concentration that necessarily occurs with conventional 
methods. The instability factors in the compression bending 
test should be reduced carefully as far as possible. 


test on todomatsu columns with various length/thickness 
ratios. The validity of the testing method was examined by 
comparing these results with those obtained by conven¬ 
tional four-point bending tests. We concluded that when the 
stress-strain relation is measured from the load-loading 
point displacement relation using specimens whose length/ 
thickness ratio is large enough, the bending properties can 
be obtained by the compression bending test without worry¬ 
ing about the stress concentration that occurs with the 
conventional methods. The instability factors of the com¬ 
pression bending test should be eliminated as much as 
possible. 
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Conclusions 


To obtain Young’s modulus, proportional limit stress, and 
bending strength, we conducted the compression bending 



